Abstract Although known for the important function in the immune system, MHC class I molecules are increasingly ascribed an alternative role in modifying signal transduction. In medulloblastoma, HLA class I molecules are associated with poor prognosis, and can induce ERK1/2 activation upon engagement with ligands that bind to incompletely assembled complexes (so called open conformers). We here demonstrate that ERK1/2 activation in medulloblastoma can occur in the absence of endogenously synthesized b2m, formally excluding involvement of closed HLA class conformation. In addition, several experimental observations suggest that heterogeneity of HLA class I expression may be a reflection of the status of original cells before transformation, rather than a consequence of immune-based selection of HLA-loss mutants. These results contribute to our understanding of an immune system-independent role of HLA class I in the pathology of medulloblastoma, and cancer in general.
Introduction
MHC class I molecules are heterodimers formed by a single transmembrane polypeptide chain non-covalently bound to a beta-2-microglobulin (b2m) subunit [1, 2] . Heavy chain/b2m dimers bind peptides generated in the cytosol via proteasome-mediated protein degradation. These peptides are translocated into the lumen of the ER by the aid of transporter associated with antigen processing (TAP), formed by two subunits, TAP1 and TAP2. Peptides are then loaded onto nascent heavy chain/b2m dimers. The completion of this loading allows for MHC class I molecules to exit the ER through the secretory pathway and reach the cell surface. Once at the cell surface, MHC class I molecules may present peptides to activate CD8
? T-cells. Besides their role in the immune system, MHC class I molecules may also be involved in altering signal transduction by virtue of cis-associations with cell surface receptors [3] . This may have important consequences, as demonstrated by negative prognostic impact of HLA class I expression in several types of cancer [4] [5] [6] [7] . This function contrasts with the implied role of HLA class I molecules in enabling tumor destruction by the immune system, where expression of HLA class I is a favorable prognostic sign [8] [9] [10] [11] . In this case, HLA class I-loss variants arise through mutations in the genes encoding one or more components required for the assembly of HLA class I, followed by unopposed growth of the mutated cancer cells [12, 13] . Different roles of HLA class I do not arise simply due to factors related to individual experimental conditions, as both positive and negative association with disease outcome were observed in a single study of colon carcinoma [14] . Here, low levels of HLA class I were associated with poor outcome, whereas complete loss of expression was associated with extended survival. Our recent studies on medulloblastoma provided an insight into the mechanism of the contribution of HLA class I to the poor prognosis of the disease [7] . These studies showed that HLA class I was expressed in a subset of medulloblastomas with poor prognosis, and that interaction of two subunits of MHC class I induced ERK1/2 phosphorylation and increased the migratory potential of medulloblastoma cells [7] . We here extend these findings to formally show that fully assembled HLA class I molecules are not required for the signaling function and that heterogeneity of HLA class I expression reflects the dynamic developmental pattern of HLA expression by neurons of the external granular layer in cerebellum, the presumed precursor cell of most medulloblastomas.
Methods

Immunohistochemistry
Following IRB approval for the construction and analysis of tissue microarrays and normal cerebellar tissue specimens, medulloblastoma and adult glioblastoma tissue microarrays were constructed as previously described [7, 15] . Deidentified cerebellum tissue was obtained post mortem from six patients from Children's National Medical Center, age ranging from prenatal 28 weeks to postnatal 3 years. The cause of death was not related to damage to the brain. Tissues were paraformaldehyde fixed and preserved in paraffin blocks. 4-8 lm sections were cut from these blocks and adhered to slides. Staining with antihuman HLA heavy chain (HC-10), anti-TAP1 (NOB-1) and TAP2 (NOB-2) antibodies [16] and polyclonal rabbit anti-human b2m antibodies and analysis of deparaffinized and rehydrated slides was previously described [7] .
Cell lines and IFN-c treatment
The medulloblastoma cell lines DAOY and D283 were maintained at 37°C in a humidified atmosphere containing 5% CO2 in RPMI media supplemented with 10% Fetal calf serum, 2 mM L-glutamine, 1 mM 2-mercaptoethanol, 100 U/ml penicillin and 100 lg/ml streptomycin. For MHC class I induction, cells were treated with 100 U/ml IFN-c for 72 h at 37°C.
Flow cytometry
MHC class I expression was detected by flow cytometry using the monoclonal mouse anti-human W6/32. This antibody is specific for HLA A, B and C and specifically to the combined epitope contributed by the a2 and a3 domains of the heavy chain and b2m [17] [18] [19] . Cells were collected and washed with PBS. Samples were incubated in 5% FBS in PBS for 15 min and then incubated with either 5% FBS in PBS (controls) or W6/32 supernatant for 1 h. After 3 rinses, cells were incubated with PE labeled donkey anti-mouse IgG (H ? L) (eBiosciences, San Diego, CA) for 30 min at 4°C. Cells were rinsed 3 times and then fixed in cytofix (BD Sciences, San Diego, CA).
RT-PCR
Total cellular RNA was subjected to the SuperScript Firststrand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA) to generate the cDNA for the PCR reactions. RT-PCR was performed for TAP1, TAP2, b2m and b-actin using 35 cycles of 30 s at 94°C, 1 min at the annealing temperature and 1 min at 72°C. HLA-A and HLA-B PCR reactions was performed using 35 cycles of 30 s at 94°C, 1 min at the annealing temperature and 1 min 30 s at 72°C. The primers were previously reported [7] . Size fractionation of products on a 1% agarose gel identified the products.
Western blot analysis DAOY cells were cultured in serum-free media for 18 h at 37°C. Cells were washed twice and then treated with serum-free RPMI with or without purified human b 2 m (Lee Biosolutions, Inc, St. Louis, Missouri) or monoclonal antibodies for 12 min or longer, as indicated, at 37°C. Signaling was halted by the addition of ice cold PBS and cells were lysed with 19 cell lysis buffer (Cell Signaling, Beverly, CA) supplemented with PhosSTOP phosphatase inhibitor cocktail and complete mini protease inhibitor cocktail (Roche, Indianapolis, Indiana). Lysates were collected and centrifuged at 14,000 rpm for 15 min to remove cell debris. Lysates were boiled for 5 min in loading buffer and separated by a 4-12% Bis-Tris Gel (Invitrogen). Membranes were blocked in 5% milk in TBST for 1 h at room temperature. Primary and secondary antibodies were diluted in 3% BSA in TBST and incubated with the membrane at 4°C overnight and at room temperature for 1 h, respectively. Signal was detected using the enhanced chemiluminescence system (Pierce, Rockford, IL).
b2m knock-down Cells were washed twice with OptiMem media and then maintained in RPMI supplemented with 10% FBS and L-glutamine (no antibiotics). Cells were transfected with either ON-TARGETplus SMARTpool siRNA human b 2 m, non-targeting siRNA or siGLO transfection indicator (Dharmacon, Lafayette, CO). Briefly, siRNA was diluted in 19 siRNA buffer (Dharmacon) and combined with OptiMem. In a separate tube, lipofectamine was mixed with OptiMem. Both tubes were placed at room temperature for 5 min to allow for complex formation. Equal volumes of the siRNA solution and the lipofectamine solution were then combined and allowed to sit at room temperature in the dark for 20 min. The siRNA/lipofectamine mixture was added to DAOY cells in a 6-well plate at a final concentration of 100 nM. After 24 h, cells were serum starved overnight and treated the following day with various experimental conditions.
Results
Fully assembled HLA complexes are not required for open conformer engagement-mediated ERK1/2 activation Fully assembled MHC class I molecules, known as closed conformers and consisting of heavy chain, b2m and peptide subunits, at the cell surface are in equilibrium with open conformers, complexes that have lost b2m and/or peptide subunits. Engagement of open HLA class I conformers with b2m or a specific antibody (HC-10) leads to ERK1/2 activation in DAOY medulloblastoma cell line [7] . It is unclear whether the signaling is a result of direct engagement of open conformers, or the formation of additional closed conformers. To exclude the potential role of closed conformers in signal transduction, we down-modulated the levels of b2m using siRNA treatment. Western blot analysis showed no detectable levels of endogenous b2m 48 h post transfection, while exogenously added b2m was readily detected (Fig. 1a) . Consequently, there was a 14-fold reduction in mean fluorescent intensity of cell surface MHC class I closed conformers and undetectable levels of open conformation MHC class I (Fig. 1b) . Despite undetectable levels of open conformers by flow cytometry, HLA heavy chains were present at the cell surface, as suggested by the following observation. The addition of exogenous b 2 m resulted in b 2 m detection that could be partially inhibited by the HC-10 antibody, specific for open conformers, and not by W6/32 antibody, specific for closed conformers (Fig. 1c) . HC-10 antibody is specific for an epitope hidden in the HLA class I structure, requiring complete unfolding of the a-helix [20] . Hence, HC-10 antibody most likely does not recognize all open conformers and its effect is partial. ERK1/2 phosphorylation occurred in b 2 mdeficient cells in response to both b2m and HC-10 antibody (Fig. 1c) , as previously observed in DAOY cells with unmanipulated levels of b 2 m [7] . These findings suggest that ERK1/2 phosphorylation does not occur through fully assembled MHC class I molecules at the cell surface. HLA class I expression in CNS tumors does not correlate with the extent of leukocyte infiltration Absence of HLA class I expression in medulloblastoma may be a result of selection mediated by the immune system. In this case, one would expect an inverse correlation between leukocyte infiltration of the tumor and HLA class I expression. We have previously examined leukocyte infiltration of medulloblastoma with the goal of excluding leukocyte contamination in assigning HLA class I expression to medulloblastoma cells [7] . We here extended this analysis to establish correlation between the two parameters and compare the findings with another CNS tumor with pronounced HLA class I expression. Of the 106 evaluable specimens, 87% of medulloblastomas showed absent or faint heavy chain positivity (56% scored 0 and 31% scored 1), while scores 2 and 3 were observed in 5% and 8% of tissues, respectively (Fig. 3 ). In contrast, the MHC class I heavy chain in an adult glioma array of 248 tissues, showed 0.4% negative tumors, 7% '1' positive tumors, 15% '2' positive tumors and 78% '3' positive tumors, (Fig. 2) , as previously reported [21, 22] .
Both medulloblastomas and gliomas had low levels of infiltration, with only slight differences in the distribution of grades '0' and '1': the proportion of grade '1' being greater in glioma than in medulloblastoma. Of the 103 evaluable medulloblastoma specimens, 58.3% were negative for infiltration, with 39.8% receiving a score of 1 and 0.95% a score of 2 and 3 each. Out of 248 adult glioblastoma samples, 48% were negative for infiltration, 43% '1' positive, 8.5% '2' positive and 0.5% '3' positive (Table 1) . Interestingly, the MHC class I positive medulloblastomas also have a slightly higher level of infiltration than the MHC class I negative medulloblastoma, similar to the levels detected in adult glioblastoma (Fig. 2) . Taken together, these results show no correlation between the levels of tumor infiltration by leukocytes and absence of HLA class I expression. If anything, HLA class I appears to correspond to mildly increased infiltration. These data do not support the concept of HLA loss tumor variants arising as a result of selection imposed by the immune system.
IFNc treatment restores expression in HLA class I negative cell line
The loss of class I expression due to selection by the immune system is associated with mutations that prevent normally regulated expression of components required for . The D283 medulloblastoma cell line is HLA class I negative, and if this is due to the mutation in a gene encoding a particular component required for HLA class I expression, we would expect unaltered levels of mRNAs for all components required for HLA class I expression, except perhaps one. Furthermore, mutation would prevent upregulation of HLA class I by IFNc. In contrast to these predictions, low levels of constitutive MHC class I expression in D283 cells are due to low levels of mRNA for both heavy chains and TAP1 and TAP2 components of the antigen processing machinery. Only b 2 m expression was noted in this cell line (Fig. 3) . Treatment with 100 U/ml IFN-c upregulated mRNA levels of all components (Fig. 4) , and restored cell surface expression of HLA class I in D283 cells. These results suggest that HLA class I deficiency in D283 cells is unlikely a consequence of mutation in one or more components of HLA class I processing machinery.
Changes in HLA class I expression during development of human cerebellum An alternative explanation for heterogenous HLA class I expression in medulloblastoma would be that it simply reflects the status of HLA class I expression in the tumor originating cells at the time of transformation. About 75% of medulloblastomas are believed to originate from the external granular layer neurons of cerebellum. To determine the expression of MHC class I in the developing cerebellar cortex human brain tissue samples from two prenatal (28, 35 gestational weeks), one perinatal and three postnatal periods (6 months, 1 and 3 years) were analyzed. These samples were stained for the HLA class I heavy chain, TAP1, TAP2 and b 2 m (Fig. 5a ). The cerebellar cortex is composed of four layers during development. From outer to inner, the layers are the external granular layer, the molecular layer, the Purkinje cell layer and the internal granular layer. The cells of the external granular layer migrate into the inner layers. In the first postnatal year, the width of the external granular layer begins decreasing until it finally disappears around the 11th postnatal month [23, 24] . All four components of MHC class I were expressed only in the prenatal cerebellum, while later in development, at least one of the components was missing (Table 2 ). This pattern of staining was observed in the internal granular, and Purkinje cell layer and external granular layer (visible in all ages except for 3 years). Heterogeneity of HLA class I expression can be observed even in the samples designated as positive. Thus, under higher magnification, the outer layers of the EGL appear positive, while the inner layers and cells that appear migrating through the molecular layer are negative (Fig. 5b) . Taken together, these results support the possibility that HLA class I expression in medulloblastoma may be a reflection of the HLA class I status of precursor cells in the external granular layer.
Discussion
Initiation of a rapid, robust, and effective immune response against a particular tumor is the best therapeutic strategy for the long-term survival of cancer patients. CD8
? T cells are particularly effective in the prevention and treatment of tumors through a direct cytotoxic action on the tumor cells [Rouvier, 1993 #332; Kagi, 1994 #333; Lowin, 1994 #334]. In addition to cytotoxic activity, CD8
? T cells also secrete lymphokines, such as interferon-c and TNF-a, which activate macrophages, neutrophils, or NK cells. It is therefore not surprising that a great effort has been made to study immune responses (especially CD8
? T cell responses) in cancer patients, with the aim to induce, or potentiate existing inefficient immune responses. Understanding the expression of immune markers such as MHC class I in brain tumors and normal brain, as well as the ability of immune cells to reach the tumor site are integral factors in determining the feasibility of CD8
? T cell-mediated immunotherapy. Although HLA class I expression has previously been assessed in both medulloblastoma [7, 25, 26] and b RT-PCR using the heavy chain, TAP1, TAP2 and b2m primers for MHC class I machinery confirmed induction of MHC class I components glioma [21, 22] , the present study is the largest tumor series evaluated to date. Our results suggest that key components of the natural immune response to medulloblastoma are missing and that therapeutic attempts using T cells that recognize antigens presented by MHC class I will have to include strategies that by-pass or up-regulate the expression of these molecules.
The importance of MHC class I in an immune response is well documented. However, the role of these molecules outside the immune system is less well understood. ? T cells selecting for HLA class I negative tumor variants [12, 13] . Two predictions can be made if selective pressure successfully changes the phenotype of the tumor. First, one would expect more abundant leukocyte infiltration of tumors that do not express HLA class I. This, however, is not the case in our experimental system. Second, HLA class I-loss mutant cells that result from selection would be expected to have structural mutations preventing successful assembly. This is, again, not the case in a representative HLA-negative cell line D283, as IFNc treatment successfully restored HLA class I expression.
In the absence of evidence for selection of HLA class I loss variants by the immune system, we decided to seek an alternative explanation for heterogenous HLA class I expression in medulloblastomas. We considered the possibility that expression may reflect developmental changes in the external granular layer cells, which are thought to be the origin of *75% of medulloblastomas [40, 41] . Indeed, we found that neurons in the external granular layer, but also in the internal granular layer and Purkinje cells express HLA class I in a developmentally controlled fashion. Regions that were less mature, as determined by the thicker EGL or less orderly structured Purkinje cell layer, expressed more heavy chain, b 2 m, TAP1 and TAP2 positive cells. This finding is in agreement with previous findings of MHC class I expression in the Purkinje cells in the mouse [42] and supports the general pattern observed in other areas of the CNS where MHC class I expression appeared in a developmentally regulated fashion, the highest levels observed during the late stages of fetal development [43] . The specific pattern of MHC class I expression in the cerebellum may serve a specific functional role in neuronal development. Two major characteristics of the external granular layer are high cell proliferation and migration of the cells into the inner cortex layers. In humans, both of these activities peak between the 28th and 34th week of gestation [23] , at the time when highest MHC class I expression is observed. Given the ability of HLA class I molecules to induce ERK1/2 phosphorylation and to promote migration in medulloblastoma [7] , it is tempting to speculate that signaling induced by the binding of b 2 m to the MHC class I heavy chain in vivo may help regulate migration and/or proliferation of external granular layer neurons.
MHC class I was originally thought to be expressed in the CNS only under pathological conditions associated with inflammation and infection [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . More recent studies, however, have shown that MHC class I is expressed under physiological conditions in neurons of both the developing and adult brain, albeit at a lower level than in cells outside the CNS [54] [55] [56] [57] [58] . The presence of MHC class I in brain has been reported in the developing lateral geniculate nucleus neurons, developing and adult hippocampal neurons, hippocampal pyramidal cells, adult brainstem, the pars compacta of the substantia nigra, dorsal root ganglion cells, spinal motoneurons, primary somatosensory cortex and layer IV of the primary visual cortex [54-56, 59, 60] . MHC class I remains expressed in the adult retinal ganglion cells, but the levels are notably decreased [61] . The visual cortex also shows levels of MHC class I expression during segregation of the LGN axons of layer 4 neurons [62, 63] . MHC Class I is also expressed in hippocampal neurons of adult brain, as suggested by the findings that these cells have longer potentiation and long-term depression activity in mice with genetically deleted b2m [64] [65] [66] .
In conclusion, we have shown that properly assembled HLA class I molecules (closed conformers) are not involved in the signaling function in medulloblastoma. Furthermore, heterogenous expression of HLA class I appears not to be a consequence of selection mediated by the immune system, but more likely reflects a dynamic developmental pattern of expression in the cerebellar cortex. These findings contribute to our understanding of the role of HLA class I in the pathology of medulloblastoma. 
